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Abstract 
Concentrated, aqueous piperazine (PZ) has shown promise as a solvent for use in amine scrubbing of post-
combustion flue gas to reduce CO2 emissions.  Compared with 1-ethanolamine (MEA), PZ has a greater CO2 
absorption rate, capacity, and thermal stability.  These properties should reduce the overall energy requirements of a 
CO2 capture facility operating with PZ solvent compared to one operating with MEA.   
Between 2009 and 2011, 4 campaigns were run at the pilot plant at the Separations Research Program (SRP) of the 
University of Texas using an inventory of 8 m PZ.  Synthetic flue gas consisting of CO2 mixed with air was used at a 
flow rate equivalent to a 0.1 MW coal-fired power plant.  Due to the high oxygen content of the synthetic flue gas, 
substantial oxidative degradation was anticipated in this campaign.  Another campaign was 
(PP2) using PZ.  This pilot plant used a slipstream of real flue gas drawn from a coal-fired power plant.  Solvent 
samples were collected during campaigns at both SRP and PP2. 
The operating CO2 capacity of the SRP PZ solvent decreased approximately 10% compared to fresh, undegraded 8 
m PZ.  The heat of CO2 absorption and the CO2 absorption rate at 40 °C (absorber operating conditions) did not 
change significantly, but greater temperature dependence was observed at higher temperature.  These property 
changes indicate that changes in the solvent have occurred, but that the resulting solvent is not significantly worse 
than clean piperazine.   
It is known from bench-scale studies that PZ can degrade into a variety of products, including ethylenediamine 
(EDA), formate, N-formylpiperazine (FPZ), acetate, and 1-(2-aminoethyl)-piperazine (AEP). These products were 
observed in the degraded solvents of both pilot plants, in small concentrations compared to bench-scale results. 
As a secondary amine, PZ could potentially react with nitrite to form the known carcinogens N-nitrosopiperazine 
(MNPZ).  Nitrite could accumulate in the solvent either through absorption of NO2 from the flue gas or degradation 
of the amine solvent.  The synthetic SRP flue gas contained only ambient atmospheric levels of NOx.  MNPZ was 
observed in the SRP solvent at a low concentration of 0.09 mmol/kg.  The flue gas used in PP2 was drawn from a 
coal boiler and was treated by selective catalytic reduction to reduce NOx concentration.  Samples collected at regular 
intervals from PP2 show that after an initial spike up to 2.87 mmol/kg early in the campaign, MNPZ settled at a 
steady state concentration of around 0.9 1.2 mmol/kg.  It is hypothesized that thermal degradation of the MNPZ in 
the stripper prevented further accumulation beyond these levels.   
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1. Introduction 
Piperazine (PZ) has shown promise as a solvent for carbon dioxide capture, with greater capacity, 
absorption rate, and stability than the baseline monoethanolamine solvent.  In bench-scale experiments PZ 
degrades into a wide variety of products bythermal or oxidation reactions.  Only 10 25% of the 
degradation products have been quantified in these experiments [1, 2]. 
Thermal degradation of PZ normally proceeds with ring opening by a SN2 nucleophilic substitution or 
polymerization.  The most prevalent products that have been identified from thermal degradation include 
formate, ethylenediamine (EDA), N-(2-aminoethyl)-piperazine (AEP), N-(hydroxyethyl)-piperazine 
(HEP), N-(ethyl)-piperazine (N-EPZ), and ammonia [2]. 
Oxidative degradation probably occurs by a free readical mechanism with peroxide decomposition by 
by metal ions.  The main products identified include heat stable salts (formate, acetate, oxalate), EDA, 
nitrate, and ammonia.  Other products, such as amino acids, ketones, aldehydes, and other complex 
amines may also be produced but have not yet been identified [2]. 
Formate and other carboxylic acids formed from degradation can react with piperazine to produce 
amides, including N-(formyl)-piperazine (FPZ).  These amides will normally exist in equilibrium with 
their constituent acids [2]. 
Nitrosation to form N-(nitroso)-piperazine (MNPZ) can occur via absorption of NO2 from the flue gas 
into the solvent or oxidation of PZ to nitrite.  The nitrite then reacts with PZ in the stripper to form 
MNPZ.  MNPZ is a suspected carcinogen, and thus a degradation product of significant interest [3]. 
Samples of PZ solvent were collected from the Separations Research Program (SRP) pilot plant at the 
campaigns between 2009 and 2011, using the same inventory of 8 m PZ.  A synthetic flue gas mixture 
simulating a 0.1 MW plant, consisting of air plus 12 kPa CO2, was used in lieu of actual post-combustion 
flue gas.  The first two campaigns tested a simple stripper configuration operating at 135 °C, while the 
more recent two campaigns, HTPZ-1 in Winter 2010 11 and HTPZ-2 in Fall 2011, tested a two-stage 
flash configuration at 150 °C.  A large sample of PZ was collected at the end of the most recent campaign 
for extensive testing.  A time series has been created from lean solvent samples collected during HTPZ-1 
and HTPZ-2.  At the beginning of HTPZ-1, the solvent had already been exposed to high-oxygen flue gas 
for approximately 1000 hours during previous campaigns.  The solvent has been exposed to flue gas for 
an additional 350 hours of operation during the two more recent campaigns, for a total of 1350 hours of 
operation. 
PP2 used a slipstream of real flue gas from a coal-fired boiler.  The flue gas had been treated by 
selective catalytic reduction and a limestone slurry scrubber FGD to reduce SOx and NOx emissions.  The 
campaign started with fresh PZ and used a simple stripper configuration for solvent regeneration.  Lean 
and rich solvent samples were collected throughout the course of the campaign to construct a time series 
for the degradation products.  For proprietary reasons, further details including operating conditions and 
NOx levels cannot be published at this time. 
 
Nomenclature 
1-EPZ N-(ethyl)-piperazine 
AEAEP N-(1-((2-aminoethyl)amino)ethyl)-piperazine 
AEP N-(2-aminoethyl)-piperazine 
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Cmax maximum concentration of species during campaign (mmol/kg) 
DDI distilled deionized water 
DL diffusion coefficient (cm2/s) 
DNPH 2,4-dinitrophenylhydrazine 
dT tower internal diameter (m) 
EDA ethylenediamine 
FPZ N-(formyl)-piperazine 
g gravitational constant (9.81 m/s2) 
HEP N-(hydroxyethyl)-piperazine 
HO2 2 in water (55000 mol/mol at 40 °C) 
HPLC high-performance liquid chromatography 
HTPZ-1 High Temperature 2-Stage Flash Campaign 1 (December 2010-January 2011) 
HTPZ-2 High Temperature 2-Stage Flash Campaign 2 (October 2011) 
HTU height of a transfer unit (m) 
IC ion chromatography 
ICPOES inductively coupled plasma optical emission spectrometer 
kLa mass transfer coefficient (m/s) 
MNPZ N-(nitroso)-piperazine 
NTU number of transfer unit 
PP2  
PZ Piperazine  
SRP Separations Research Program 
t/trun time of data point in PP2 campaign relative to total campaign 
trun operating time of PP2 campaign 
uG superficial gas velocity (m/s) 
uL superficial liquid velocity (m/s) 
xO2,i concentration of O2 in solvent entering column (mol/mol) 
xO2,o concentration of O2 in solvent leaving column (mol/mol) 
yO2,i concentration of O2 in gas entering column (mol/mol) 
yO2,i concentration of O2 in gas leaving column (mol/mol) 
Z(T) height of tower (m) 
G gas holdup 
L liquid viscosity (cP) 
L liquid density (kg/L) 
L surface tension (dyne/cm) 
2. Experimental Methods 
Detailed methods for wetted wall column, total pressure apparatus, and bench scale thermal and 
oxidative degradation experiments can be found in Freeman [2]. 
2.1. HPLC 
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HPLC (Dionex ICS3000) was used to measure MNPZ, formaldehyde, and ureas in the solvent.  PZ 
solvent samples were diluted 20X by weight. A 10 mM aqueous ammonium carbonate solution, 
acetonitrile, and methanol were used as eluents. The column was an Acclaim PolarAdvantage II, C18, 5 
 
For MNPZ quantification, a flow rate of 1 mL/min with a gradient profile of 5 vol % acetonitrile and 
95 vol % ammonium carbonate buffer was used for 5 minutes, followed by a ramp to 20 vol % 
acetonitrile between 5 and 10 minutes. MNPZ eluted at around 6 minutes in the method. UV detection 
was at 240 nm. 
2.1.1. DNPH method for HPLC 
 
A method for detecting aldehydes, including formaldehyde, was developed from literature, reacting the 
solvent with 2,4-dinitrophenylhydrazine (DNPH). DNPH reacts selectively with aldehydes to produce an 
aldehyde-DNPH complex that can be separated with reverse-phase chromatography and detected by UV. 
For sample preparation, 4.0 mL of solvent sample diluted to 20X in 65 vol % methanol/water was mixed 
with 1.0 mL of 0.4 vol % DNPH/acetonitrile and 0.05 mL of 1 M H2SO4 and allowed to react for 24 
hours at room temperature. At a flow rate of 1 mL/min, the following gradient profile was used: 65 vol % 
methanol with water for 6 minutes, ramping to 85 vol % methanol between 6 and 10 minutes, ramping to 
80 vol % methanol between 10 and 20 minutes, and ramping to 65 vol % methanol between 20 and 25 
minutes. UV detection was at 365 nm [4]. 
2.2. Cation IC 
The concentration of PZ and other degradation products was measured using cation chromatography 
(Dionex ICS2100) at a dilution factor of 10,000X.  Cation IC measures the concentration of positively 
charged cations.  The eluent consisted of methanesulfonic acid (MSA) in deionized water.  The method 
uses an eluent ramp starting at 5.5 mM MSA and increasing in concentration over the course of the run to 
38.5 mM MSA.  The run time per sample was 50 minutes.  Flowing the sample and eluent between a 
cathode and anode separated by two membranes, the anions were removed from the sample, leaving only 
cations.  The separation occurred in an IonPac GC 17 guard column and an IonPac CS 17 analytical 
column.  Both columns contained ethylvinylbenzene cross-linked with 55% divinylbenzene resin as the 
primary separation medium.  Changes in solution conductivity were then measured over time using a 
conductivity detector to create a chromatogram [2].  
For PZ quantification, all solvent samples were diluted to 10,000X by weight in DDI H2O.  For 
quantification of other degradation products, solvent samples were diluted to 1,000X.  The species that 
can be quantified with cation IC include piperazine (PZ), N-formyl-PZ amide (FPZ), ethylenediamine 
(EDA), N-(2-hydroxyethyl)-PZ (HEP), N-ethyl-PZ (1-EPZ), N-(2-aminoethyl)-PZ (AEP) and N-(2-((2-
aminoethyl)amino)ethyl)-PZ (AEAEPZ). 
2.3. Anion IC 
Anion chromatography (Dionex ICS-3000) was used to measure the concentration of carboxylic acids 
(acetate, formate, oxalate) and other anions (nitrate, nitrite, sulfate).  The method used a ramped eluent of 
KOH in water with an IonPac AS15 analytical column (4 x 250 mm) and a 4-mm Anionic Self-
Regenerating Suppressor to remove cations. 
2.3.1. Amide hydrolyzation 
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Amides were identified and quantified by hydrolyzing the solvent sample with NaOH.  This was done 
by mixing 1 mL of filtered, undiluted solvent with 1 mL (~1.2 g) of 5 N NaOH and allowing the solution 
to react for 24 hours before diluting and analyzing by HPLC and IC.  The NaOH hydrolyzes any amides 
into their constituent base amines and carboxylic acids.  Therefore, any peaks on HPLC or cation IC that 
disappear when hydrolyzed can be identified as amides.  The total amount of carboxylic acids (free heat 
stable salts and amides combined) was measured using anion IC. 
2.4. Total alkalinity: acid titration 
Total alkalinity of the pilot plant solvents was measured by autotitration with 0.2 N H2SO4 using a 
Metrohm 835 Titrando autotitration system. 
2.5. ICP-OES 
Quantification of dissolved metals in degraded solvent was performed using a Varian 710-ES Axial 
Inductively-Coupled Plasma Optical Emission Spectrometer.  Samples were prepared by diluting to 25X 
through dilution with DDI H2O and were acidified to 2% by mass of concentrated HNO3.  10 mL of each 
sample and standard was prepared in a plastic centrifuge vial.  Calibration curve standards were prepared 
from Fischer Chemicals 2000 ppm atomic absorption reference standards for iron, chromium, nickel, and 
copper. 
Once injected into ICP-OES, samples are sent to a nebulizer to produce a fine aerosol before being 
atomized and ionized in an argon plasma flame at 7000 K.  Atoms and ions inside the plasma flame 
transition from higher to lower transition states, emitting photons at very sharp characteristic 
wavelengths.   
Table 1 shows metals quantified and their characteristic wavelengths.  Calibration curves were prepared 
for each individual wavelength and were used to calculate an average concentration of each element 
measured.  Because multiple different UV emission wavelengths are measured simultaneously for each 
species, this method produced very precise calibration curves, with an R2 value in excess of 0.9999 for all 
curves created. 
 
Table 1: Characteristic Wavelengths for ICP-OES Metal Quantification 
Element Analyzed Measured Wavelengths (nm) 
Iron (Fe2+) 234.350 238.204 239.563 259.540 
Chromium (Cr3+) 205.560 206.158 206.550 267.716 
Nickel (Ni2+) 216.555 221.648 230.299 231.604 
Copper (Cu2+) 213.598 224.700 324.754 327.395 
3. Results 
3.1. Summary table of pilot plant solvent degradation 
Table 2 gives an overview of the quantified degradation products found in the SRP and PP2 degraded 
solvents.  It also lists results from bench scale thermal and oxidative degradation experiments conducted 
previously.  All bench scale experiments were run with 8 m PZ with a loading of 0.3 mol CO2/mol 
alkalinity. TE14 was a thermal degradation experiment run at 150 °C and TE44 was a thermal 
degradation experiment run at 165 °C.  Results are shown after approximately 1 week of degradation.  
OE18 and OE25 were oxidative experiments conducted in a small oxidation reactor, continuously flowing 
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100 mL/min of a 98 kPa O2/2 kPa CO2 gas mixture.  OE18 simulated low oxidation rate conditions at 
55 °C with stainless steel metal ions added to catalyze oxidation.  OE25 simulated high oxidation rate 
conditions at 70 °C with 4 mM of Cu2+ to catalyze oxidation [2].  
Table 2 first compares the estimated piperazine concentration determined by titration and by cation IC 
at the end of the campaign or experiment.  The table then lists the degradation products quantified in the 
degraded SRP and PP2 solvents collected at the end of the campaigns, organized by analytical method.  
Of the products quantified, N-formyl PZ (FPZ), ethylenediamine (EDA), and formate have the highest 
concentrations.   
Table 2: Summary of Pilot Plant Solvent Degradation 
 
SRP PP2 TE14 TE44 OE18 OE25 
 
mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg 
Operating time (hrs) 1350 N/A 185 170 71.3 50.3 
Degraded solvent total alkalinity 4112 4194 4133 4055 4181 3643 
Degraded solvent PZ 3855 3546 4312 3987 4280 3325 
MNPZ 0.09 1.22 N/A N/A N/A N/A 
EDA 12.7 9.33 0 8.23 0 184.2 
FPZ 1.26 38.0 N/A 41.0 N/A 103.3 
AEP 3.58 2.94 N/A 2.74 N/A 0 
HEP 3.91 2.64 N/A N/A N/A N/A 
1-EPZ 0 1.4 N/A 0.83 N/A 0 
AEAEPZ 0.3 1.2 N/A N/A N/A 0 
Formate 1.03 38.6 0.76 11.96 0.39 24.8 
Oxalate 0.38 8.62 0.05 0.03 0.04 2.04 
Acetate 0.28 11.2 0 0 0.17 0 
Nitrate 0.14 4.82 N/A N/A 0 0.31 
Total Formate 2.29 72.7 2.23 35.53 1.36 93.7 
Total Oxalate 0.34 17.0 0.06 0.05 0 30.6 
Total Acetate 0.29 14.6 0.08 0.85 0.14 0.66 
Cr3+ 0.016 2.21 0 0 0.1 0 
Fe2+ 0.023 1.13 0 0 0.4 0 
Ni2+ 0.021 1.86 0 0 0.05 0 
Cu2+ 0.00 0.02 0 0 0 4.0 
 
A few degradation products in PP2 reached a maximum concentration before the end of the campaign.  
Table 3 shows these values and the time in the campaign in which the maximum occurred relative to the 
total length of the campaign (t/trun). 
Table 3: Maximum values of degradation products in PP2 
Species mmol/kg t/trun 
MNPZ 2.83 0.27 
EDA 30.8 0.52 
AEP 3.97 0.52 
3.2. Degradation of SRP solvent 
Fig. 1 shows the accumulation of total formate, EDA, AEP, and MNPZ during the HTPZ-1 and HTPZ-
2 campaigns at SRP.  The concentrations are normalized by the maximum concentration of each species 
in order to better illustrate the trends on a single plot.  The trends for the species are all very similar.  
EDA is thermally unstable and accumulated the least over the two campaigns due to the higher operating 
temperature of the two-stage flash.  Given a longer operating time, it is expected that EDA will reach an 
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equilibrium concentration in which formation due to thermal and oxidative degradation is balanced by the 
thermal degradation of EDA in the stripper. 
The nitrosamine MNPZ was not expected to form during the SRP campaigns.  The synthetic flue gas 
used at SRP was a mixture of air and CO2, without any additional additives such as SOx and NOx to 
simulate real coal flue gas.  It is theorized that a small amount of PZ was oxidized to nitrite in the 
absorber, which then reacted with PZ in the stripper sump to form MNPZ.  This makes MNPZ a 
potentially useful marker for PZ oxidation in future pilot plant campaigns using synthetic flue gas that 
does not contain significant levels of NO2.  However, for campaigns using real flue gas, this effect would 
be hidden by the reaction of PZ with nitrite absorbed from the flue gas at the ppm level, which would 
generate nitrosamine at a rate of 2 or more orders of magnitude greater than nitrosation due to PZ 
oxidation [3]. 
 
Fig. 1: Accumulation of degradation products during HTPZ-1 and HTPZ-2 SRP campaigns: total formate (Cmax = 2.29 mmol/kg), 
EDA (Cmax = 12.7 mmol/kg), AEP (Cmax = 3.58 mmol/kg), MNPZ (Cmax = 0.09 mmol/kg) 
Table 4 compares the VLE data for degraded SRP solvent after HTPZ-2 with that of fresh 8 m PZ, as 
measured using the wetted wall column and total pressure apparatus.  The rate of CO2 absorption at 
absorber conditions kg avg and the heat of absorption abs both increased by insignificant amounts.  CO2 
capacity was reduced 10%. 
 
Table 4: VLE Data of degraded SRP solvent compared to fresh 8 m PZ 
Solvent kg'avg @ 40 °C 
X 107 2 
Capacity 
mol CO2/kg 
- abs @ PCO2* = 1.5 kPa 
kJ/mol 
Degraded SRP PZ 8.9 0.71 70 
Fresh 8 m PZ (Dugas, 2009) 8.5 0.79 64 
 
The degraded SRP solvent was subjected to further thermal degradation at 150 °C in thermal cylinders 
for 200 hours.  Total formate accumulated at a rate of 0.035 mmol/kg/hr, as shown in Fig. 2.  By 
comparison, the rate of formate accumulation in fresh 8 m PZ solvent was 0.027 ± 0.021 mmol/kg/hr at 
150 °C and a loading of 0.3 mol CO2/mol alkalinity as measured in previous bench scale thermal 
degradation experiments [2]. 
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Fig. 2: Total formate generation due to thermal degradation of SRP sample at 150 °C 
3.3. Degradation of PP2 solvent 
Samples were collected regularly over the course of the PP2 campaign.  The following section 
illustrates the accumulation over time of the quantified degradation products.  All concentrations have 
been normalized by dividing by the maximum measured concentration of that species (C/Cmax) and 
plotted over the relative time of the campaign (t/trun). 
Fig. 3 shows the accumulation of stainless steel metal corrosion and oxidative degradation products in 
PP2 solvent including carboxylic acids (formate, acetate, and glycolate) as well as the FPZ formamide.  
The concentrations of these products were relatively low until 40% of the way into the campaign, after 
which they accumulated rapidly.  This trend is linked to the accumulation of dissolved stainless steel 
metals.  Both time series show similar trends.  The corrosion catalyzed oxidation, increasing the rate of 
carboxylate formation. 
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Fig. 3: Accumulation of formate (Cmax = 38.6 mmol/kg), acetate (Cmax = 11.2 mmol/kg), and dissolved stainless steel metal ions 
(Fe2+, Cmax = 1.13 mmol/kg, Cr3+, Cmax = 2.21 mmol/kg, Ni2+, Cmax = 1.86 mmol/kg) in PP2 solvent 
The major thermal degradation products quantified in PP2 were EDA, HEP, and AEP.  As shown in 
Fig. 4, all three species accumulated early in the campaign.  Midway through the campaign, EDA and 
HEP reached their maximum measured concentrations and then began decreasing.  Both species were 
most likely further degrading into other secondary degradation products.  HEP, however, continued to 
accumulate throughout the length of the campaign.   
 
Fig. 4: Accumulation of ethylenediamine (EDA, Cmax = 30.8 mmol/kg), hydroxyethyl-PZ (HEP, Cmax = 1.35 mmol/kg), and 
aminoethyl-PZ (AEP, Cmax = 3.97 mmol/kg) in PP2 solvent. 
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More MNPZ accumulated in the PP2 solvent than in the SRP solvent due to NO2 absorption from the 
PP2 flue gas.  The accumulation of MNPZ over time in the PP2 solvent is shown in Fig. 5.  The initial 
spike was due to a temporary increase of NOx in the flue gas.  After this spike, MNPZ accumulation 
closely corresponded to the levels predicted by the model developed by Fine based on the concentration 
of NO2 in the flue gas and the stripper operating temperature [3]. 
 
Fig. 5: MNPZ Accumulation in PP2 Solvent   
3.4. Aldehydes 
No aldehydes were detected in either SRP or PP2 solvent using the DNPH method.  It is hypothesized 
that any formaldehyde that formed either quickly oxidized to formate or reacted with PZ to form an 
insoluble polymer that precipitated out of the solvent [2]. 
3.5. Oxidation mitigation strategies for future pilot plant campaigns 
Several options are being investigated as potential methods to mitigate PZ oxidation at future pilot 
plant campaigns conducted at SRP.  A rich solvent storage tank may be added to remove entrained gas or 
a low temperature flash tank may be added between the first and second cross exchangers at SRP.  rich 
solvent may be sparged with nitrogen in a bubble column to remove dissolved and entrained oxygen 
before the cross-exchanger.  This could be done in either the existin -ID stripper column at SRP or 
in a new purpose-built bubble column. 
3.5.1. Bubble column model 
 
A bubble column model for stripping dissolved oxygen from rich solvent was developed.  A few 
simplifying assumptions were made to develop the model.  The oxygen solute was assumed to be dilute 
with a linear equilibrium line and constant liquid and gas flow rates, allowing for an integrated analytical 
form of the operating line equation to be used to calculate tower height [5].  The rich solvent was 
assumed to be saturated with oxygen from the flue gas in the absorber.  The O2  constant in H2O 
was used as an estimate O2 solubility in the solvent.  The bubble column was assumed to operate at 40 °C 
1922   Paul T. Nielsen et al. /  Energy Procedia  37 ( 2013 )  1912 – 1923 
with a top pressure of 0 psig.  Axial mixing effects and dispersion effects of the gas inlet nozzle should 
not have a significant effect on bubble column operation at the scale being considered and are therefore
ignored [6].
The mass transfer coefficient kLa was calculated using Equation 1 [7].  The diffusion coefficient DL
was estimated by the Wilke-Chang correlation, using the association parameter of water, and was
-6 cm2/s [8].  For 8 m PZ at 40 °C and 0.4 mol CO2/mol alkalinity,
L L = 11.4 cP [2] L, the surface tension of water was used (70
dyne/cm).  dT is the tower diameter, g is the gravitational constant (9.81 m/s2 G is the gas holdup.
(1)
The gas hol G was calculated using Equation 2, where uG and uL are the superficial velocities of the 
gas and liquid in m/s [9].
(2)
liquid and gas flow rates) the required height of the tower can be calculated using Equation 3 [5].  xO2,i is 
the rich solvent O2 concentration entering the bubble column (assumed saturated by flue gas), xO2,o is the
O2 concentration of solvent leaving the column (calculated based on desired removal), and yO2,o is the 
concentration of O2 in the gas leaving the absorber (calculated by a simple material balance).  The inlet
nitrogen gas is assumed to be pure N2.  HO2 2 (assumed to be the same as that 
in water at 40 °C: 55000).
(3)
Based on these equations, a required nitrogen flow rate for a desired tower height, diameter, liquid flow
rate, and O2 removal can be calculated.
A rich solvent flow rate of 20 gpm was assumed for modeling the bubble column.  This is the highest 
flow rate typically used in the SRP campaigns.  A base case design using the existing stripper at SRP
-ID by 20 ft height) with no entrained gas would require approximately 0.17 SCFM of N2 to 
achieve 90% removal of dissolved O2.  By comparison, the synthetic flue gas uses as much as 80 ACFM
of CO2 (675 ACFM of total gas).  If only 10 feet of the column is used, the required nitrogen flow rate
increases by 75% to 0.30 SCFM.
The presence of entrained gas has a complicated effect on bubble column operation.  The entrained gas
would contain roughly the same concentration of oxygen as the flue gas (18 kPa for SRP).  Thus, as the
gas mixes with nitrogen, the oxygen content of the stripping gas increases, reducing the driving force of 
the stripping process.  However, the entrained gas adds to the overall gas flow rate, which increases the
interfacial area between gas and liquid.  This increases the mass transfer coefficient kLa, improving the
rate at which oxygen is stripped.  As entrained gas increases, the number of transfer units NTU increases
due to the decreased driving force, but the height of a transfer unit HTU decreases by a nearly identical
amount due to the higher interfacial area.  As a result, the required nitrogen flow rate varies by less than 
1% from 0 to 10 vol % entrained gas.
4. Conclusions
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Very little solvent degradation occurred during the 4 SRP campaigns after 1350 total hours of 
operation.  This can be attributed to the inherent thermal stability of piperazine and the relative lack of 
corrosion that occurred during the campaigns, limiting oxidation in spite of the high O2 concentration in 
the flue gas.  The VLE performance of the solvent was not significantly affected by the degradation, 
except for an apparent 10% reduction in CO2 capacity. 
Significantly more oxidation occurred during the PP2 campaign, due to possible corrosion catalyzing 
oxidation.  73 mmol/kg of total formate was measured in the degraded solvent at the end of the campaign, 
compared to 3 mmol/kg at SRP.  However, the accumulation of degradation products that can be 
attributed solely to thermal degradation, such as AEP, was roughly similar to SRP, with 2.9 mmol/kg 
measured at PP2 and 5.7 mmol/kg measured at SRP.  This is roughly equivalent to 170 hours of thermal 
degradation at 165 °C observed in bench scale experiments. 
Nitrosation was a greater factor for the PP2 solvent due to NO2 absorption from the flue gas and 
subsequent reaction with PZ in the stripper.  At its peak, the concentration of MNPZ in the solvent was 
2.9 mmol/kg.  Coupled with thermal degradation of MNPZ in the stripper sump, the concentration of 
MNPZ should reach a manageable steady state during continuous operation. 
Up to 0.09 mmol/kg of MNPZ was observed in the SRP solvent.  This was most likely due to the 
oxidation of PZ to nitrite and subsequent nitrosation.  This makes MNPZ an ideal marker of oxidation for 
future campaigns conducted at SRP or other pilot plants using synthetic flue gas without significant NOx 
levels. 
Oxidation could be limited in future pilot plant campaigns by use of a nitrogen-sparging bubble 
-ID stripper column that is not currently 
utilized during campaigns using the high-temperature 2-stage flash skid for solvent regeneration.  The 
column would require 0.17 SCFM of nitrogen.  Alternatively, a low-temperature flash vessel could be 
installed between the first and second cross exchangers at SRP to flash off dissolved and entrained 
oxygen before the high-temperature sections of the process. 
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